ABSTRACT The sequence of the mitochondrial cytochrome oxidase I (COI) gene was analyzed in 168 individuals from seven Aphis (Hemiptera: Aphidini: Aphidina) species: Aphis gossypii Glover, Aphis glycines Matsumura, Aphis spiraecola Patch, Aphis craccivora Koch, Aphis fabae Scopoli, Aphis rumicis (L.), and Aphis nerii Boyer de Fenscolombe. One other Aphidina species, Toxoptera odinae (van der Goot), and two Macrosiphini species, Acyrthosiphon pisum (Harris) and Myzus persicae (Sulzer), were analyzed as out-groups. The coding region of the gene contains 1,563 bp in all of the species, and 272 sites were variable among the Aphis species. DNA sequence identities among individual aphids ranged from 91.4 to 100%, with greater identities among aphids in the same species (96.5Ð100%) than between different species (91.4 Ð95.3%). Compared with some other species, A. gossypii showed little divergence in either nucleotide sequences or haplotypes, although intraspeciÞc cytochrome oxidase I (COI) sequence divergence was observed in A. gossypii clones isolated from Commelina communis L. and Rubia cordfolia L. In the phylogenetic tree, every species formed a robust clade. The pairs A. gossypii and A. glycines, and A. rumicis and A. fabae showed robust sister relationships. T. odinae was located within the Aphis species clade, and this suggested that the Toxoptera classiÞcation should be reconsidered in the light of molecular data.
Aphids comprise one of the most important groups of agricultural pests in the world. Aphis is the largest aphid genus, containing Ͼ400 species, and Ͼ40 of these species are of agricultural importance (Blackman and Eastop 1984) . In Japan, 31 species of Aphis were described by Takahashi (1966) , and Ͼ10 of these are common (Moritsu 1983) . Agriculturally important Aphis species are known to use various primary and secondary hosts of different plant families, making it difÞcult to identify them correctly in the Þeld. This is a problem in identifying the important pest species Aphis gossypii Glover, Aphis spiraecola Patch, Aphis craccivora Koch, and Aphis fabae Scopoli (Blackman and Eastop 2007) . Species identiÞcation is particularly difÞcult for immature aphids because of their small sizes, and because some strains or biotypes have no or very small differences in morphological characters. The precise identiÞcation of aphids is necessary in agriculture because of differences between species, biotypes, and strains in insecticide susceptibility and virus transmission (Eastop 1977 , Ebert and Cartwright 1997 , Wang et al. 2002 , Nauen and Elbert 2003 , Shigehara and Takada 2003 , Lowery et al. 2006 . Therefore, different control methods should be applied to different species, strains, or biotypes.
Before the development of molecular techniques to study evolutionary relationships, there were few reports on the phylogeny of Aphis species because of their similar morphologies. Phylogeny within the Aphidini was partially based on changes in host use during aphid evolution (Shaposhnikov et al. 1998) . Since the development of molecular techniques, mitochondrial DNA sequences have been used to study evolution in many animals and show potential for the discrimination of species and analyses of population biology (Moritz et al. 1987 , Simon et al. 1994 , Zhang and Hewitt 1997a , Ballard and Rand 2005 . There are many reports of using mitochondrial DNA to study aphid phylogeny (Stern 1995, Turč inavič ien&dot; et al. , von Dohlen et al. 2006 ) for species discrimination (Raboudi et al. 2005 , Valenzuela et al. 2007 and even for intraspeciÞc differentiation between aphids (Boulding 1998 , Shufran et al. 2000 , Delmotte et al. 2001 , Raymond et al. 2001 , Anstead et al. 2002 . Several reports have been published on the phylogeny of Aphis species using mitochondrial and nuclear DNA sequences (Turč inavič ienė et al. 2006 , Coeur dÕacier et al. 2007 , Foottit et al. 2008 . Although valuable information was acquired, there were difÞculties in clearly discerning the phylogenetic relationships among the species.
Previously we studied the rDNA internal transcribed spacer (ITS)2 region in 38 Japanese A. gossypii clones with different life cycles, host preferences, and insecticide susceptibilities, and we found no clear correlations between ITS2 sequence variations and other criteria for classifying the clones . Here, we have used the mitochondrial gene encoding COI to study intraspeciÞc variation in 60 Japanese A. gossypii clones. Six other Aphis species and three species in different genera were analyzed for comparison among Aphis species. Our goal was to identify genetic variations between A. gossypii strains. This study is expected to provide an approach for distinguishing between Aphis species and may shed light on the evolution of the Aphis genus, through a comparison between A. gossypii and other polyphagous and oligophagous species. Table 1 provides details of the aphid samples used in this study. The total of 60 A. gossypii samples included 38 clones used in the previous study . Six other Aphis species, Aphis glycines Matsumura, A. spiraecola, A. craccivora, A. fabae, Aphis rumicis (L.), and Aphis nerii Boyer de Fenscolombe also were examined. Aphis is a member of the subtribe Aphidina. Another member of Aphidina, Toxoptera odinae (van der Goot), and two members of the tribe Macrosiphini, Acyrthosiphon pisum (Harris) and Myzus persicae (Sulzer), were used as out-groups.
Materials and Methods
For each sample, DNA was extracted from a wingless, parthenogenetic adult female by crushing it in 50 l of buffer (0.1 M Tris-HCl, pH 7.5, and 0.1 M EDTA) with 1% SDS and 20 g of proteinase K, and then incubating the mixture in a water bath at 65ЊC for 20 min. The DNA was puriÞed by phenol-chloroform extraction followed by ethanol and PEG precipitation, and then the DNA was diluted in distilled water to 50 ng/l. Polymerase chain reaction (PCR) was performed in 20-l reactions containing 0.5 l of template DNA, 0.5 U of TaqDNA polymerase (TaqGold, Applied Biosystems, Foster City, CA), buffer (15 mM Tris-HCl and 50 mM KCl), 3 mM MgCl 2 , 0.2 mM dNTPs, and 10 pmol of each primer. The thermal conditions used were 95ЊC for 9 min then 40 cycles of 94ЊC for 1 min, 50ЊC for 1 min, and 72ЊC for 1 min, followed by 72ЊC for 7 min. The annealing temperature was changed to 45ЊC in cases of poor ampliÞcation of the product. The reactions were carried out in a Gene Amp PCR System 9700 thermocycler (Applied Biosystems). To purify the PCR products, three or four reactions were combined (60 or 80 l) before electrophoresis in a 1.5% agarose gel. Bands of the appropriate size were cut from the gel and puriÞed using Suprec01 (Takara Bio, Otsu, Shiga, Japan) Þlter cartridges and ethanol precipitation, followed by dissolution in 20 l of distilled water. Each fragment was directly sequenced using the BigDye Terminator Cycle Sequencing Ready reaction kit and an ABI PRISM 377 DNA sequencer (Applied Biosystems). Table 2 shows the primers used for amplifying and sequencing the COI region from each species. These primers were based on those designed by Zhang and Hewitt (1997b) and modiÞed for each species depending on the speciÞc COI sequences. Three overlapping regions of the gene, each of 500 Ð 600 bp, were ampliÞed and sequenced separately. Each region was sequenced twice from both directions and from within using internal primers to obtain precise reads in segments of Ϸ300 bp. The complete sequence contained small ßanking regions of the COI gene at both ends, but only the COI coding region was used for analysis. We conÞrmed these COI sequences were not those transposed to the genome (Sunnucks and Hales 1996) because no ambiguity or stop codons were detected in the COI sequences. The Bayesian method (MrBayes) (Huelsenbecket al. 2001, Ronquist and Huelsenbeck 2003) was used for construction of the phylogenetic tree, by using the general time reversible model and gamma-distributed rate variation across sites and a proportion of invariable sites. This approach provided good resolution (Boykin et al. 2007 ). The program was run for 0.7 million generations discarding the Þrst 25% samples. DnaSP (Rozas et al. 2003) was used for calculation of the number of net nucleotide substitutions per site between populations (Da), nucleotide diversity (Pi), and haplotype diversity (Hd).
A. fabae can be divided into four subspecies based on host use (Mü ller 1986 , Thieme 1987 , and two of these subspecies are found in Japan. In this study, individuals were assigned to one or the other of the two Japanese subspecies based on COI sequence variations, by comparing their sequences with those of deÞned individuals (collected from Vicia faba L. or Solanum nigrum L.), (Mü ller 1986) . This was the only way to assign the individuals because they are difÞcult to distinguish from each other by morphology (Thieme 1987, Thieme and Dixon 1996) .
For A. gossypii, the partial sequence of COI (658 bp) (Foottit et al. 2008 ) was compared with database data in GenBank. The phylogenetic tree was made by the neighbor-joining method using PHYLIP (Felsenstein 2004 ) with 1,000 bootstraps.
Results
The coding region of the COI gene was 1,563 bp in all species. In total, 345 sites were variable among all of the species, and 269 sites were variable among the Aphis species. These sequences were deposited in DNA Data Bank of Japan under the accession numbers from AB506711 to AB506745. Like the COI genes of other insects, this gene is highly AT rich (Ϸ76% A or T) (Simon et al. 1994 , Zhang and Hewitt 1997b , Herbeck and Novembre 2003 .
The DnaSP program was used to calculate the number of variable sites in the DNA sequences, the numbers of haplotypes in the DNA and amino acid sequences, Pi, and Hd (Nei 1987) for each species (Table  3) . The Pi and Hd values were calculated for sample size was larger than 10. A. gossypii had large Pi and small Hd values. The Pi was larger in A. gossypii (Ϸ7 times) than A. glycines, but the Hd values were similar between these two species.
Among aphids in the same species, DNA sequence identities were in the range 97.9 Ð100%, whereas sequence identities were 90.3Ð96.8% between species. The number of net nucleotide substitutions per site between species (Da, with Jukes and Canter correction; Jukes and Cantor, 1969 ) is shown in Table 4 . The Da values were larger than the Pi values, indicating that interspeciÞc variation was greater than intraspeciÞc variation in the COI sequences. The Da values were small in comparisons between A. gossypii and A. glycines (0.04818) and between A. rumicis and A. fabae (0.03515), indicating that these species pairs had similar COI sequences.
In the predicted amino acid sequences of 521 residues, 21 sites (4.0%) were variable among the seven Aphis species and one to four haplotypes were found within each species (Table 3) . Similarities in amino acid sequences between species were high, ranging from 97.5 to 100.0%. Because some species had identical amino acid sequences, the DNA rather than amino acid sequences were used to create the phylogenetic tree and might provide more information.
In the Bayesian tree shown in Fig. 1, A . spiraecola was the Þrst clade to separate from the other Aphis species. Second, A. craccivora separated from U1d5, 5Ј-CAATAATTCCTATAAATAAATTTACA-3Ј; U1d5 g, 5Ј-GAATAATTCCTATAAATAAATTTACA-3Ј; U1d14, 5Ј-CAAAAATTC-CTATAAATAAATTTACA-3Ј; U21, 5Ј-CAGATGAAATTAATTTGCTCCT-3Ј; U22Asp, 5Ј-GATAAAGGTGGATAAATAGTTC-3Ј; U3, 5Ј-TAT-AGCATTCCCACGAATAAATAA-3Ј; U3Ap, 5Ј-ATAATAATAGGATGTCCTGA-3Ј; U3Cr, 5Ј-TGTCCAGATATATCTTTTCCA-3Ј; U61, 5Ј-CCTGTAGGAATAGCAATGATTATAG-3Ј; U61Asp, 5Ј-CCTGTTGGAATGGCAATAATTATTG-3Ј; U61Cr, 5Ј-TCCATAAATAGTTGCT-AGTCA-3Ј; U7, 5Ј-TACAGTTGGAATAGACGTTGATAC-3Ј; U7Asp, 5Ј-ATAGATGTAGACACACGAGC-3Ј; U7Rum, 5Ј-ATTTATTGTTTGAGCT-CATCA-3Ј; U7Ner, 5Ј-TACTATTGGTATAGATGTTGA-3Ј; and U10, 5Ј-TCCAATGCACTAATCTGCCATATTA-3Ј. the other species. Aphis gossypii and A. glycines formed a pair of sister clades, as did A. rumicis and A. fabae.
Seven different haplotypes of A. gossypii were identiÞed, and the host plants for each haplotype are listed in Table 5 . Haplotype No.1 (Agos1) consisted of many individuals collected from various host plants, including Hibiscus syriacus L., which is one of the primary hosts of A. gossypii. The host plants of haplotypes Agos2, Agos3, and Agos5 were citrus, chrysanthemum, and Capsella bursa-pastoris (L.), respectively. Members of the Agos1 haplotype also were collected from these host plants. The haplotypes Agos4, Agos5, Agos6, and Agos7 were each found on only one host plant. Rubia cordifolia (Agos6) and Celastrus orbiculatus Tumb. (Agos4) are among the primary hosts of A. gossypii, whereas Commelina communis (Agos7) is a unique host on which a special strain maintains its life cycle. The haplotypes Agos6 and Agos7 were each separated from the other haplotypes on the Bayesian tree.
The tree inferred from the partial COI sequence with other database data are shown in Fig. 2 In A. craccivora, haplotype No. 1 (Acra1) was collected from common bean, Acra2 was from Trifolium repens L., and the others were from Vicia sativa L. V. sativa supported various strains of different haplotypes. Genetic distances among the haplotypes of A. craccivora were small although haplotype diversity was large. No host speciÞc divergences were detected. 
Discussion
Among the Aphis species, A. gossypii showed somewhat lower levels of nucleotide diversity compared with other polyphagous species such as A. craccivora and A. fabae, and its haplotype diversity was much smaller than those of A. craccivora and A. fabae. However, A. gossypii shows variation in biological traits such as life-cycle pattern, insecticide susceptibility, and host preference, indicating that it has a large diversity. This may indicate plasticity of this species does not correlate with COI diversity.
The haplotypes of A. gossypii showed some host related differences. R. cordifolia (host of Agos6) is one of the primary hosts of A. gossypii. Aphids living on R. cordifolia have wingless males and nonhost-alternating life cycle and those on C. communis (host of Agos7) have special host range associated to the primary host of Rhamnus dahurica variety nipponica Makino (Inaizumi 1980) . Moritsu (1983) described aphids inhabiting Commelina spp. as Aphis commelinae Shinji. Takada (1992) suggested that the populations on C. communis and R. cordifolia were a different subspecies of A. gossypii. These haplotypes, especially Agos7, are separated from the other haplotypes on the phylogenetic tree, indicating that these subspeciÞc differences are reßected in the COI sequences. Citrus unshiu (1) Agos3
Chrysanthemum morifolium (2), unknown host (1) Agos4
Commelina communis (2) a The numbers of individuals found on each host plant are in parentheses.
A. gossypii formed a sister clade with A. glycines. These species share the same primary host, Rhamnus spp. in East Asia (Zang and Zhong 1990, Takahashi et al. 1993) . They can hybridize in experimental situations, however, in nature, prezygotic isolation is maintained by the timing of the appearance of sexual forms (Zang and Zhong 1990) . A. gossypii and A. glycines are clearly separated from each other based on COI sequences; thus, our results support the isolation between these species. Some variation in COI sequences was found in A. glycines, but the degree of variation was much smaller than in A. gossypii. The primary hosts of A. glycines are restricted to only one genus, whereas A. gossypii has many primary hosts belonging to different plant families. A. glycines invaded North America recently (Ragsdale et al. 2004 ) and overwinters on Rhamnus species there (Welsman et al. 2007 ). This suggests that A. glycines has a strong connection to its primary host genus. For secondary hosts, A. gossypii is extremely polyphagous but A. glycines is oligophagous (Inaizumi 1980, Blackman and Eastop 1984) . Therefore, these species may have diverged through their use of the primary and/or secondary hosts. A change in host plants is an important factor for speciation (Via 2001) , and it will be interesting to explore further the question of why and how these two species differ.
In Europe, A. gossypii have been treated as a subspecies of A. frangulae mainly with anholocyclic life cycle (Blackman and Eastop 2007) . In East Asia, A. gossypii is treated as a more complex species with various life cycles and a differentiation of races based on hosts (Inaizumi 1980 , Takada 1988 . CoeurdÕacier et al. (2007) showed that A. gossypii was paraphyletic within a frangulae-like species clade. One group formed a clade with A. frangulae, Aphis teucrii (Bö rner) and Aphis affinis Del Guercio, and another formed a clade with Aphis taraxacicola (Bö rner), Aphis chloris Koch, and Aphis hypochoeridis (Bö rner). These species are thought to be members of an A. gossypii and A. frangulae complex. Comparison of database data using partial COI sequence did not show clear resolution (Fig. 2) . A. frangulae/gossypii group species are described as new on the basis of differences in their color, host-preference or biology and none of which can be reliably identiÞed using morphological characters alone (Margaritopoulos et al. 2006) . Further molecular studies are needed to resolve the relationships between species in this complex.
A. spiraecola uses members of Spiraea (Rosaceae) as its primary hosts. This may be an ancestral species in the Aphis genus because the subtribe Aphidina probably separated from the ancient Rhopalosiphina at the same time as a host transition from Rosaceae to bushes belonging to other families (Shaposhnikov et al. 1998) . The position of A. spiraecola in the subtribe Aphidina was not reliably established in a phylogeny inferred from the mitochondrial COII gene and the nuclear EF-1␣ gene (von Dohlen and Teulon 2003) . In this study, A. spiraecola was clearly separated from the other Aphis species, but further work is needed to establish its exact position. This species has diverged into two races based on host, one race that overwinters on spirea and the other race on citrus (Komazaki 1990 (Komazaki , 1998 . The COI sequences did not separate these races, probably because sampling was restricted to the summer season or the COI gene is not a good marker to separate these races.
A. fabae is known to show subspeciÞc differentiation based on both host use and postzygotic isolation (Mü ller 1986 , Thieme 1987 . Two subspecies, A. fabae fabae and A. fabae solanella, are separated prezygotically by a difference in sex pheromones which prevents hybridization (Thieme and Dixon 1996) . Also, prezygotic isolation exists between A. f. fabae and A. f. mordwirkoi (Raymond et al. 2001) . In this study, the subspecies were separated by a small distance on the phylogenetic tree. However, Raymond et al. (2001) reported that paraphyletic relationships exist among A. fabae subspecies based on an restriction fragment length polymorphism (RFLP) analysis of mitochondrial and symbiont DNA. This discrepancy may be due to the simple genetic composition of Japanese samples reßecting a recent invasion of Japan by this species (Sugimoto 2008) . A. rumicis and A. fabae formed a sister clade. This supports earlier observations that they are genetically related species (Mü ller 1986 ). An enzyme analysis also revealed this relationship (Jö rg and Lampel 1996) .
T. odinae was positioned among the Aphis species on our phylogenetic tree. Toxoptera citricidus (Kirkaldy) also was positioned within Aphis species in a tree inferred from tRNA, COII, and EF1-␣ sequences (von Dohlen and Teulon 2003) . Minor morphological differences suggest that Toxoptera is separated from Aphis; however, the position of Toxoptera should be reconsidered after further studies using molecular methods.
The phylogeny of Aphis species was studied using mitochondrial COI, COII, and CytB genes by CoeurdÕacier et al. (2007) . They suggested that the subgenus Aphis was paraphyletic. This also was supported by the results of Turč inavič ienė et al. (2006), who used the COI and EF1-␣ genes. Three major morphological groups, the Black, Black-backed and frangulae-like species, were clustered separately (CoeurdÕacier et al. 2007 ). The Black species include A. fabae and A. rumicis. A. gossypii and A. glycines and are sister species belonging to the frangulae-like group. A. craccivora is a member of Black-backed species. A. nerii was positioned outside of these clades, and A. spiraecola was positioned between the Black and Black-backed clades by CoeurdÕacier et al. (2007) . However, on the Bayesian tree produced in this study, A. nerii, T. odinae, the frangerae-like species, and the Black species branched from Black-backed species, and A. spiraecola and A. craccivora were positioned outside of this clade. Thus, the phylogeny of Aphis is not consistent in these studies, and is not yet clearly established. This discrepancy might be brought about by the local genetic difference between Europe and East Asia.
In this study, every species formed a different clade, indicating the practical value of our approach. The species can be identiÞed rapidly and efÞciently using PCR-based methods such as cleaved ampliÞed polymorphic sequence (CAPS) (PCR-RFLP) or PCR ampliÞcation of speciÞc alleles (Valenzuela et al. 2007 .
